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SUMMARY

The study contract for preliminary analysis for Lunar Roving Vechicle
(LRV) Ground Data Systems (GDS) and Operations was initiated in Septem-
ber 1969, and was originally intended as a six-month task, During February
1970, Hughes was directed to stretch out the existing program with a Final
Report delivery scheduled for 30 June 1970,

The content of the Final Report (Volumes I, II, and III) constitutes
only part of the final product by the Hughes Aircraft Company in res ponse to
Contract No. 952668, The total response is listed below and it should be noted
that material printed in Jet Propulsion Laboratory documents was supplied
under the terms of the contract in final draft form,

° Preliminary Analysis for Lunar Roving Vehicle Study — Ground
Data Systems and Operations, Hughes Reference No, C0077,
dated 30 June 1970: Volume I, Roving Vehicle Guidance (Remote
Driving Study); Volume II, Roving Vehicle Payload (Sciencc
Mode Time Analyses); Volume III, Roving Vehicle Navigation
(Evaluation Determination Analyscs)

° LRV Navigation and Guidance Systerm Phase A Study Report,
JPL Document No, 760-42, dated 15 Qctober 1969: Section V,
Mission Operations; Section VI, Navigation and Guidance
Operations; Section VII, Problem Areas; Section X, Plan for
Phase B Study.

] Science Ground Data System and Science Operations Organiza-
tion for Remotely Controlled L.unar Traverses — Phase A Study
Report, JPL Document No, 760-39, dated 10 October 1969:
Scction VI, Science Operations; Section VII, Problem Arecas,
Section X, Phase B Study Plan,

] Operations Profiles for Lunar Roving Missions, JPL Document
No, 760-46, dated May 1970,

Originally, it was not planned for Hughes to participate in Phase A
Report preparation, The basic rcsponsibility of Hughes in the early part of
this contract had been to assist JPL in defining all mission-dependent Earth
activitiecs and resources (hereinafter referred to as the '"Mission Operations
Complex'" — MOC) required to support the remote-controlled phase of the




LRV Mission, Since this constituted a variable which is dependent upon
mission requirements, the total plan Wthh implemented these requirements
was first established,

Mission requirements also dictate a gencral LRV design, Such a design
'is not necessary in defining a general MOC but becomes necessary in esta-
blishing its details (commensurate to the extent of available LRV design detail).
No sole LRV design existed throughout the contract period, Bendix and
Grumman each had scveral designs in the early part of the period and JPL
therefore postulated a single design to act as a baseline for the Hughes effort
of MOC definition, Considerable time was spent coordinating with JPL sources
regarding establishing and periodically up-dating a postulated LRV design
without incompatibilities and with a level of detail useful toward MOC defini-
tion, Continuing assistance to JPL was provided in assessing the effect on the
GDS baseline design of the LRV mission, vehicle, and science payload changes
during the study, and design change recommendations were made as appropriate,

It was originally intended to deliver to JPL dctailed definition of the
Ground Data System in the areas of display, operations profile, operations
organization, navigation programs and computer applications, hazard pre-
diction programs, and avoidance maneuver techniques, During January and
February of 1970, it was dctermined by JPL that the study should concentrate
more in the areas of 1) remote driving problems, 2) Navigational analyses for
operations use (concentrating on elevation determinations), and 3) time line
analyses, In particular, it was decided to develop the above definitions to
only the intermediate level and not initiate work on a general command and
control computer program, or identify a single operations organization, It has
also becn intended to expand the detail of the MOC to a level of detail attain-
able within the remainder of the contract period, However, this effort was
also suspended at JPL's request, Thus, during January and February of
1970, a report entitled "MOC Definition for Synthesized LRV Design' was
submitted. This report consisted of five basic sections plus an appendix;
and included an Introduction, Synthesized LRV Description, Operations
Profile, and MOC Profiles, This material was used by JPL in preparing the
Phase B Report,

The MOC profile charts in the Phase B Report show the direct correla-
tion of all the particular Earth-based activities and equipment used to imple-
ment each specific operational activity identified by numerical subdivision of
a basic operation ""mode' (the first divisional level within the remote controlled
phase of the mission). The estimated Delta time to accomplish each row of
the MOC charts was also calculated. An iteration with specific operational
activities and general mission plans is required to establish total mission
time lines. This was not pursued further in the arcas of Guidance and Navi-
gation by Hughes at JPL's request.

Paralleling the above in time was an effort by Hughes to identify (for
operational use) the subtle aspects of perhaps the most demanding of the LRV
mission requirements--Navigation and Guidance. A review was made of all
available documentation produced by Bendix, General Motors, and Grumman



regarding the subject, Preliminary investigation in Navigation by landmark
showed that accuracy versus number of visual landmarks, and accuracy
versus number of navigation updates for a given course, was not a simple
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criteria for operational decisions when navigating by landmark,

Volume I details considerations applicable to aid remote driving by
superimposing driving aids on the TV panorama, These aids are used by the
Remote Driver at the Remote Controller Position while the vehicle is in
motion, The vehicle general design bascline is first established.

- Volume II contains four detailed time line studies of portions of the
Stationary Science Mode, These studies provide an additional link in the
continuing iterative process of defining the LRV mission operations procedure,
ground equipment, and administrative organization,

Volume III is mainly concerned with elevation determination, Some
early unfinished work on Rover Navigation is also presented. Preliminary
error curves of Rover position as affected by landmark orientation with
respcct to LRV path are shown; also, a table representing a partial com~
parison of various navigation schemes is included, The elevation determina-
tion methods considered are 1) use of the basic LRV instruments, 2) addition
of a ranging Laser and precision inclinometer, 3) tracking an orbiter from
the Rover, and 4) miscellaneous techniques including a stable platform, on e
or more star trackers, a sun sceker, gyrocompassing, Foucauld pendulum,
and differential ranging, The intent of the volume is to provide sufficient
information concerning a variety of navigation and elevation detcrmination
methods to permit filtering out of less attractive schemes.




LUNAR NAVIGATION

GENERAL

Preliminary functional requirements for LRV navigation were reviewed by
Hughes Aircraft Company. Hughes-recommended Ground Data System Functional Navi-
gational Requirements and Operations Organization were included in the formal
issue of Jet Propulsion Laboratory Document Number 760-42 entitled "LRV Navi-
gation and Guidance Systems Phase A Study Report' dated 15 October 1969,
Sections V and VI.

The Phase B Rover Navigation Study was formally initiated in early Decem-
ber 1969, and represents approximately three (3) man-months of effort. Feasible
types of navigational computer programs were considered based on assumed base-
line on-board instrumentation as identified in JPL Document No. 760-46 dated
May 1970, "Operations Profiles for Lunar Roving Missions'. The use of computers
in providing operational aids for navigation by landmark recognition from image,
laser range, and other on-board data was also considered and recomméndations
made .

Prior to initiation of the lunar elevation determination study, the navi-
gation of an LRV was considered. Although it was originally intended to provide
a specific choice for LRV navigation on the lunar surface, Jet Propulsion Lab-
oratory later defined the intended tradeoffs and their criteria of accuracy,
time, and limitation to be beyond the scope of this effort and instead directed
that the study was to be concentrated more in the area of lunar altitude deter-
mination. Specifically, vehicle position determination in selenographic cocrd-

inates was not to be attempted.




INTRODUCTION

Many aspects of the navigation and elevation determination problems are
similar in that much of the potential instrumentation can be applied to both.
The two problems should be solved as a general navigation system.

Although the present study was concerned mainly with elevation determina-
tion, enough work was done on the horizontal navigation to realize what is needed
for that part of the system. Use of landmark navigation for the horizontal case
clearly seems the way fo go. Therefore, the choice of methods for elevation
determination should be slanted toward use of the local lurain unless an all-
around better method can be demonstrated. Results of the study should be viewed
in this perspective.

The LRV navigation work involved, in a very preliminary way, four aspects:
(a) a brief literature search; (b) a review of lunar navigation computer pro-
grams; (c) a start on a landmark error analysis; and (d) preliminary comparison
of navigation methods. Although these efforts were abandoned at the direction
of JPL in order to make the elevation determination study, the preliminary

results are summarized here.

LITERATURE REVIEW

The purpose of the literature search was to acquire background on: (a) cur-
rent requirements of lunar science missions; (b) landmark navigation; (c) gravity
gradiometry and gravitation measurements; (d) lunar gravitational anomalies;

(e) modern methods for precision measurements; and (f) lasers.

References 1 through 6 satisfied requirements (a) and (b). References 9
through 12 and 14 were used for (c¢). References 15 through 19 covered item (d)
adequately. Vendor specifications on various types of equipment and miscel-
laneous sources such as Reference 23, private communications, etc. provided

data on such matters as (for example) methods for measuring a displacement to



Reference 20.

LUNAR NAVIGATION COMPUTER PROGRAMS

Four basic lunar navigation methods have been computer programmed and studied.

They are: passive4 nongyroj celestial-inertial4y RF ranging4 and landmark navi-
gation.

The first three techniques have been studied extensively by Bendix under
contract (Reference 1) to NASA. The Bendix study consisted of a computerized
error analysis including the errors associated with initial position fix,‘dead-
reckoning and piloting. The programs also accommodate ranging, doppler and
angle reference information inputs from lunar orbiting satellites. The computer
program is conveniently modularized.

Inputs to the program consist of all conceivable error sources afflicting
the particular navigation method. These include errors in the appropriate
navigatian instruments, ephemeris errors, local vertical anomalies, computation
errors, wheel slippage and altitude variations.

The output is position error in selenographic coordinates as functions of
the input errors. Position error ellipsoids can be constructed from the output.
The program is comprehensive and rather elaborate, involving some 280
primary equations. Errors in the various navigation systems are summarized in

Reference 25.

The apparent complexity is due to the inclusion of nearly the whole gamut
of navigation instruments as alternatives. However, the modularization feature
should permit real-time use of the program for a particular vehicle. This is
because only those modules in the program concerned with the necessary instru-

mentation for a particular navigation system need be utilized. For example, it



should be feasible to combine the initial fix and dead reckoning modules of
that program with an independently developed program for landmark navigation
to obtain vehicle position uncertainty due to all causes.

The fourth method

(L a1 21 >

landmark navigation

LY a

was the subject of the Hughes
Study. It was programmed for the GE 635 computer. The objectives of the
study were expected to show vehicle position uncertainty as related to

(1) orientation of landmarks re vehicle path, (2) number of fixes on a parti-
cular landmark, (3) number of landmarks, (4) optimum step length, and (5)

initial fix, odometer and bearing angle errors.

LRV_NAVIGATION PROCEDURE

Because of the JPL experiments on landmark navigation in the local desert
and their interest in this scheme when combined with dead reckoning as a primary
navigation updating method, a brief look was taken at the technique.

The principal conclusion reached was that navigation accuracy depends
heavily on position (orientation and distance) of the landmark with respect to

the vehicle path.

Referring to the Fig. in Case 1, the LRV travels from a known position Vo along

the path v with a stop at v Angle orientations of landmark A with respect

0V1 1

to the desired vehicle path are measured at 0 and vy Distance C1 is assumed

to be obtained from dead reckoning, based on odometer and directional gyro
information. Dead reckoning probable errors on C1 can be obtained from the

Bendix computer program. It is assumed that landmark distances are initially

unknown.



Case 1. Single Landmark, One Step

Solving triangle vole using measured angles Q. and Bl (+ Aal, + ABI)

1

and measured distance C1 i.ACI,

C, sin Q

1 1
= —————— 1
%1 sin vy ()
1
C, sin B
b, = ——1 (2)
1 sin vy
1
The RSS errors in a1 and bl are Vo Cl 1
'-[‘ACZC a0, )> "*AZ% 3
Aal sin vy, = (sin al ) +( ] cos al al) +(C1 sin al cot Yy yl) I . (3)
ob. siny, = [(AC sin 8)% +(C, cos B 88,)% +(C, sin B, cot A)Z]lE %)
p sin Yy <= [( sin B, ( 1 cos 8,48, ( ; sin B, co Yl Yl
where
Y, < m-a - Bl and Ayl = -Aal - ABl'
But since Aal and ABl are independent measurements,
— 2 — 2
AYI-(ACI.I +A51) . (5)

If Aal includes only the actual errors of angular measurement and not
the integrated azimuth (or average heading) error during the step, then the
error ellipse at the end of Step 1 is given by Aa1 and by the odometer error,
assuming exact knowledge of Vg position.

Landmark A position with respect to the LRV is then known from Ab

and bAa1 (where a, does not include heading error).

1



The curves of Figures 1 through 4 were obtained from solutions of Egqs. (1)
through (4) for the case of one landmark and one step. They indicate:
(a) 1Initial bearing angle should be small.
(b) The second bearing angle should be greater than 90°.
(c) Position error varies fairly linearly with step length.
(d) Optimum y = 90°.
The cases of two or more landmarks, two or more steps etc., were not studied.
Tentative conclusions from the curves are: (1) landmarks should be chosen

to fall within an angle a, of + 60° to the desired path of the LRV, and (2) it

1
is desirable to pass by the landmark, i.e., maintain the average bearing as
nearly a-beam as possible. Additional comments are:

1. Landmark navigation generally appears capable of restricting dead
reckoning errors.

2. Depending on angular errors, and on position of landmarks,
large odometer errors could actually be reduced. Likewise lateral errors
can be reduced to values comparable with in-track errors.

3. Accuracy of landmark navigation may be limited by an as yet undet-
ermined distribution of suitable landmarks with respect to the vehicle track.

4. An attractive feature of landmark navigation is that the necessary
elementary computations can easily be performed on the vehicle. The only inputs
to the computer would be odometer reading and TV pointing angle with respect to
a reference direction.

To judge feasibility of landmark navigation, the following work needs to

be done.

(a) Use Equations of type (3) and (4) to limit landmark orientations,
as specified by a and B, to those providing errors comparable with odometer

errors. The limits will be functions of measurement errors.



(b) Include in (a) the special case of Yy near 0° and 180°.
(c) Include in (a) the effect of approximate initial knowledge of

distance to landmarks (from maps).

(d) The accuracy with which

(=W
-t
0
£
[}
n ]
o
—
[AV]
3
a
)

a TV camera can be pointe
marks is open to question because of varying appearance of certain types of
landmarks as viewed from different positions. Some effort needs to be devoted
to this question.

(e) Optimiée the frequency of updating position.

(f) 1In order to choose between the numerous navigation methods, a
rather detailed block diagram of each method including amplifiers, multipliers,
etc. will be required. This is necessary to estimate relative complexity?
reliability, telemetering requirements and operational problems.

The final result could be in the form of a matrix in which all of the
navigation methods can be compared from any desired point of view such as

accuracy, sensitivity to failures, cost, weight, need for redundancy, etc.

Comparison of Navigation Schemes

A comparison of navigation schemes was started, the idea being to
show the instruments necessary for each navigation method so that comparisons
could be made conveniently from many points of view, such as accuracy, complex-
ity, operations, etc. (see Table I).

In the Table, an "X" mark means that a particular instrument is
required for the indicated navigation scheme. An "0" mark means the instru-
ment is not needed. The "or" under sun sensor means either a sun sensor or
an earth tracker can be used.

The Table does not exhause the variety of navigation schemes.

Figure 5 shows distance to the lunar horizon a function of altitude.
The curves are included for quick reference because of the widespread tendency

to underestimate distance to the lunar horizon.
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LUNAR ELEVATION DETERMINATION

GENERAL
The purpose of this part of the Lunar Rover study is to devise methods
for determination of lunar elevation and to roughly outline their implementation.
Simply stated, the elevation determination problem consists of matching
state-of-the-art instrumentation with relativé and absolute elevation accuracy
requirements as established by geologists. Elevation accuracy requirements will
be influenced greatly by cost and reliability of the equipment. The problem has

"been divided into two parts -- relative and absolute elevation determination.

The accuracy of two basic relative elevation determination methods has been
calculated in a form such that tradeoffs can be made between instrument accuracy
and elevation accuracy. One method utilizes merely those instruments needed on
the Rover for other purposes; i.e., a TV or facsimile camera, a simple inclino-
meter and odometer, and a relatively inaccurate celestial sensing instrument.

The second method includes a precision inclinometer and an 0.17% ranging
device such as a laser or doppler radar. This method is capable of propagat-
ing a benchmark altitude a distance of 30 Km with an accuracy considerably
better than 10 meters (see Figure 8).

Practical matters may preclude achievement of significantly better
accuracies, e.g., a 3 522. inclinometer accuracy implies that one side or end
of the vehicle must not settle into the sand more than 0.001 inch during a

measurement .

RELATIVE ELEVATION

Relative elevation is the difference in elevation between a location and

some arbitrary benchmark reference location. A Lunar Rover can propagate this



this benchmark elevation by distance measurement, and by use of the local corrected

LA E
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norizontal. ith sufficiently accurate instrumentation, certain gravitational

anomalies can be detected by use of this method.

Many methods are available for
time required to make a measurement, inaccuracies of the necessary instrument-
ation, operational complexity, and cost increase rapidly with the required
precision.

A variety of methods is outlined below, with expected accuracy and a brief
description of each. Actually, much of the instrumentation used in measuring
relative elevation is either necessary or useful for navigation of the Rover.
Instrumentation for accurate relative elevation determination can be used to
provide comparably accurate relative (and in some methods, absolute) position

determination.

Method No. 1. Basic LRV Instruments

Presumably the Rover will be equipped with a TV or FAX Camera, a
2-axis inclinometer, an odometer, a celestial sighting device and, for low
latitude expeditions, a directional gyro.

With these instruments, relative elevation can be obtained by noting
the elevation angle, 9’,°f an observable as viewed by the camera referenced to
the inclinometer. Range, r, to the observable is also necessary and can be
obtained from the odometer either by direct measurement or by triangulation
in a horizontal plane using the azimuth attitude reference (e.g. sun seeker or

gyro). The error in relative altitude is
OBSERVABLE
ih° = TRe” + GAr h
(=,
HORIZONTAL

Figure 6 is a plot of the above relation. The uncertainty in'0 is

caused by camera nonlinearity and image centering, and by inclinometer error

(1
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for this method. A precision limiting factor is an effective O error caused
mainly by the uncertainty in elevation angle to the actual point to which range
is being measured.

The curves indicate that at ranges less than 20 km for a 10-20 meter
relative altitude error of a single measurement: (a) elevation angle uncertainty
with respect to "local vertical' should not exceed 0.1° for an 0.1 radian ele-
vation angle; (b) range accuracy need be no better than 1%. Also, the curves
show that larger elevation angles cause larger altitude errors for the same
range. However, a series of elevation angle readings taken on the same observ-
able as the Rover passes by it may reduce this error.

It is preferable that neither of the error components in Equation (1)

dominate the other. Hence,

rA8 = 8Ar = Okr
or

A8

— =1

ko8
where k is the fraction error in measuring range. The relation (Figure 7) shows,
for example, that there is no need to use better than a 2% ranging device if the
effective elevation measurement error exceeds 0.1°.

To obtain an idea of achievable accuracies with this equipment, note
that the TV camera accuracy is expected to be between 0.02° and 0.1°. Most
inclinometers are accurate to 0.1° over small angles, and the odometer error
may exceed 1% under certain circumstances .

Altitude error propagation due to successive altitude measurements
at constant range to the observable is discussed in Appendix B.

The landmark navigation method, applied in a vertical plane, is implied
in Method No. 1. It is necessary only to move some distance in the general dir-

ection of the sighted point, not necessarily to reach it. A true elevation

- 20 -
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reading of the observable, takem at each of two vehicle locations, together
with the odometer reading, determines vehicle change in altitude between the

two positions, and altitude of the observable with respect to the two vehicle
positions. Accuracy of this method depends on elevation angle and distance
measuring accuracies and, in a complicated manner, on orientation of the sighted

point with respect to the vehicle path.

Method No. 2. Inclinometer Upgrading & Addition of Special Range Finder

Figure 8 is Figure 6 on an expanded scale. The curves show (a) a
10-meter relative altitude error requirement can be met for ranges up to 30 Km
and elevation angles up to 0.2 radians with a ranging accuracy of 0.1% and

. N . : . : :
elevation angle accurate to 1 min., (b) little improvement in altitude accuracy
results from a range accuracy better than 0.1%, (c) an angular elevation increase
from 0.1 to 0.2 radians increases altitude uncertainty by 15%, (d) a one-meter

relative altitude accuracy imposes, for example, the stringent combination of

requirements:
r < 15 Km
@ < 0.1 Rad.
ne < 10 §ee.
Ar < 0.05%

(e) the instrumentation of Method No. 1 must be improved to obtain this precision.
Addition of a special rangefinder such as a laser or perhaps an RF
doppler ranging device is necessary to meet a 1-10 meter accuracy requirement.
Also, a precision 2-axis inclinometer or level must be included in the instrument
package. This is a basic instrumentation requirement for precision altitude
determination.
Laser development has progressed sufficiently to seriously consider

its use on an advanced Lunar Rover. Consider, for example, a laser with the
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characteristics summarized in Table 1, Appendix A. A comparable laser is under
development by RCA for use on a Lunar Orbiter. It is planned to be operational
in less than two years. For landmark ranging purposes up to a range of 30 km,
the weight of the laser could be reduced to less than 30 lbs. and the average
power to less than 10 watts. Actually, power is needed only during the few
seconds taken to make an actual range measurement. Neither standby power nor
warmup period is needed.

Time has not permitted investigation of the characteristics of

~ R
inclinometers in the 20-60 sec. accuracy region. In their Lunar Rover vehicle
3 3 I3 . A

design study, Bendix mentions a 2-axis inclinometer accurate to 1 min. Very

. 3 3 A
accurate inclinometers can be constructed as evidenced by the < 0.001 sec.

instrument built by Hughes Research Labs.

ALTERNATIVE TECHNIQUES FOR METHODS NO. 1 AND NO. 2

These two relative altitude measuring methods use the same principles of
(a) establishing local vertical, (b) measuring elevation angle of an observ-
able with respect to the local horizontal, and (c) measuring a distance (either
to the observable or that travelled by the Rover). Techniques other than those
already considered are available for performing this procedure and will now be

discussed.

Inertial Platform

An inertial platform may be substituted for the precision inclinometer
and distance measuring device. A star tfacker (or sun sensor), three precision
accelerometers and three gyros would be used with a three-gimbal platform to
provide initial alignment to determine true North (i.e. the direction parallel
with the moon's spin axis), and to maintain local horizontal.

Advantages of the platform are: (1) The accelerometers, if of the

double integrating type, provide distance travelled and change in altitude.

- 24 -




The latter measurement is, however, not accurate enough for our purposes.

(2) A very accurate local vertical is maintained for several hours of travel.
(3) A precision reference direction is held for many hours. (4) Accuracy of
stable platforms in maintaining local vertical and direction is adequate for
any foreseeable altitude measuring requirements. For example, 0.1° per hour
gyros on a closed loop stable platform are quite adequate for purposes of
initial alignment and maintenance of local horizontal and heading reference.
Also, the longitudinal and lateral accelerometers would replace the odometer
in addition to measuring distance travelled in a direction perpendicular to

the reference heading. accelerometer can result in a maximum

A 10-6g(eart:h)
error rate of 60 mtrs/hr. Neither the 0.1 deg/hr gyro nor the 10-6g accelero-
meter would be classed as really precision instruments. (Hughes is developing
a nano-g accelerometer.)

Disadvantages of an inertial platform are: (1) Relative altitude
probably cannot be obtained with sufficient accuracy from the vertical accel-

erometer. For example, a precision accelerometer (10-7g(eart will barely

h)
cense an altitude error rate of 7 meters/hour. Therefore, a landmark sighting
instrument will be necessary. To be consistent with the accuracy of the plat-
form in establishing local horizontal, the sighting instrument arrangement

must be very accurate in sensing the elevation angle of the observable, e.g.,
perhaps a laser. But if a laser or other instrument of equivalent accuracy is
needed with the platform, the platform might as well be replaced with an incli-
nometer for this purpose. (2) Use of a.device as complex as an inertial plat=-
form in these conditions is rather frightening. Operational problems such as
temperature control, checkout, remote alignment, time for alignment, reliability
for one year of operation, etc., would be very serious. (3) Platforms are

expensive. (4) Finally, platforms are designed principally for rapidly moving

reference systems -- not for use on very slow moving vehicles like oxcarts.
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Characteristics and the theory of operation of inertial platforms can be obtained
from many vendors such as Minneapolis-Honeywell, Litton, Kearfott and Bendix.

The theory is thoroughly developed in Reference 27.

Sun Seeker Plus Star Tracker

Another technique is to use the equivalent of a theodolite (or sun
sensor). If latitude and longitude are known with reasonable accuracy, local
lunar time is sufficient, with one star sighting, to establish selenocentric
vertical; i.e., with respect to some 'geometric' lunar center. The RSS error,

€, in local horizontal would be

L
2 2 2\?
e = (Ll + L, + & )
where L, and L2 are latitude and longitude uncertainties and § is the sighting

1

error. For example, if the TV camera is used as a theodolite with an error of

0.05° and L L. =1 km

1 2

[o]
|

1 1 .05 _ o
(1740) * (1740) * (57,3 ) = 0.0012 rad. (0.068°),

where the camera contributes a little more error than the latitude and longi-
tude errors together, under these assumptions. The accuracy of this method

depends on navigation accuracy. 1t should be noted that most relative elevation

determination schemes are equally applicable to the local navigation problem.

Star Seekers

A modification of the previous. technique is to employ three star
seekers. The procedure would be to measure elevation and azimuth angles to
three stars. The stars should be oriented to form a triangle, each star separated
from the other two by at least 30° to minimize errors. Error in Rover elevation

obtained by this method is
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Ah 2> rh6

where r = lunar radius and A8 = error in angle measurement.

This method implies the use of a gyro or TV star picture for heading
reference to assist in star location.

Alternatively, a star comparator could replace the three star seekers.
A star comparator is a device that matches magnitude and relative orientations
of the stars in an observed field of stars with a reference field. The device

has been built, but current status has not been ascertained.

Foucault Pendulum and Gyrocompassing

Finally there are two related and rather 'far out' versions of methods
No. 1 and No. 2. They are gyrocompassing and the Foucault pendulum, or Faucault
gyro. Gyrocompassing may be considered as the damping of a Foucault gyro. A
Foucault gyro is essentially a horizontal pendulum. Rover elevation could
theoretically be measured as suggested by Savet (Ref. 7) either by measuring
the period of the undamped pendulum or the displacement of the damped pendulum.
Both depend on local gravity. The following calculation indicates the difficulties
that would be encountered with these methods.

The period of an undamped gyro in a gyrocompassing mode is given by

T = 21T\lMg 4 wH cos A ’ (2)
m o0
where H = angular momentum of gyro

M = gyro mass
£ = pendulous arm
wo = moon rate of rotation,

= lunar latitude
8y = lunar gravity.
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'For example, using an HIG5 gyro, assuming a rotor mass of 1 kg. and

pendulous arm of 10 cm, the period on the moon is

,— 5 cm%

)

e
(@]

glll
sec
Tee 3 ~SB_ . 10cm x 2.66 x 107° X34
107gm x 167 2 mx c.00x sec
sec

T = 960 seconds.

From Eq. (2), At = % Lg
&

Gravity variation with elevation is

_ Ar
Ag = 2 go -
o
At = ¢t Ar
r
o]

For an elevation change of 10m, At = 0.005 seconds.

It does not seem feasible to remotely measure 103 sec. to that accuracy. I
turther study were to show feasibility of such measurements, Savet's analysis
should be carefully checked. This is necessary because two errors occur else-
where in the same report. One is a factor of 57.3 (Eq. 10b), and the other is
a factor of 840 (Eq. 31).

A new type of north-seeking gyro with a potential accuracy of 1 sec.
is being developed at Hughes Research Laboratories. It is not far enough along
in the development stage to be considered here.

A special correction to the local vertical may be necessary for the
effect of mascons in the case of precision altitude measurement, as in Method

No. 2. A sample computation to indicate the expected magnitude is

presented in the next section.
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Deviation of the Local Vertical

According to Dr. R. L. Forward of Hughes Research Laboratories, a
reasonable mascon-caused gravitational anomaly of 20 eGotvos units in gravity
gradient may be expected at 50 Km altitude. As a first approximation, the
resulting change in lupar gravity at the surface is 0.003 ft/secz. An estimate
of this effect on the local horizontal can be obtained as follows. Assume the
mascon is lens shaped, 200 km long with center 50 km below the surface. Let
the increase in gravity at a point directly over the center of the mascon be
.003 ft/sec2 = 0.1 cm/secz. The effect at a point above the edge of the mascom

(point A) is

50 )2 -

120 .017 cm/sec2

rg, = 0.1 x |

A

which is directed downward from the horizontal at an angle




50

120) = 25°

Q= ;in-l (

The horizontal component is

Deviation of local horizontal is

o7 Em
0155 ~ sec’ C
o5~ ¥ 3600 x 57.3 = 20 &et. 167 —=2

For most altitude measurements, this is not serious. Knowledge of the existence

of the mascon would permit correction of the local vertical, if desired.

Method No. 3. Use of a Lunar Orbiter

A lunar orbiter can be used for, among other things, both relative and
absolute elevation determination. Consider first its application to determinat-
ion of the relative altitude between Rover positions. This can be accomplished
either by doppler radar traéking of the orbiter from the Rover, or possibly by
laser altimeter measurement of Rover altitude from the orbiter. Only the radar
tracker will be described here. See the section on absolute altitude determ-
ination. It is shown there that altitude difference between the orbiter and
Rerr can be measured to an accuracy of better than 10 meters.

An additional source of error, non-instrumental, arises in this method.
It is due to mascon-caused irregularities in an otherwise known orbit. The
following rough calculation indicates that a fairly large mascon would cause a
relative altitude error of only .04 mete?/km, on the lunar surface.

It was estimated above that a mascon can cause a change in lunar
gravity of 0.003 ft/sec2 at the surface, or 0.001 ft/sec2 at orbital distance
from the mascon. The effect on the maximum rate of departure of the orbiter

from its originally '"circular'" orbit is of concern here. Although obtaining
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this rate requires solution of a version of the 3-body problem, the following

The acceleration, a, acting on the orbiter is
a = B
2
by
2
vo = B
T
rhy - r _A Ax
2vav = - Lp _ phr
2 r 2
T r

(3)

(4)

(3)

' From Eq. (3), Au = W %? for constant r. Av due to Au is for v = 5350 ft/sec. and

holding r constant, %& = %y %? = 0.5 ft/sec.

Now if we decrease r to a value such that the greater centrifugal

acceleration balances the larger gravity acceleration, we have

2
v = ar
2vAv = aAr + rha
6
| Ar 2 x 5350 x 0.5 - 5.85 x 10 x .001 ~ -100 ft.

5.3

To obtain the error in Rover relative altitude measurement due to mascon-caused
orbit altitude variation, we need the distance travelled by the orbiter to reach
its maximum change in altitude. A rough estimate of this can be obtained by
assuming the extra acceleration caused by the mascon is a constant over a suf-

ficient distance along the orbit to effect the change in altitude.

Ar = % tZAa
%
_ {2 x 100\*° _
t = ( 001 ), = 450 sec.
R Ar - . 100 - meters
Slope of the orbit is distance travelled = 450 x 5400 0.04 km
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This is small, if all the assumptions are reasonably valid. The error
would become negligible if knowledge of the shape of the orbit could be improved

upon as a result of tracking data from earth.

SELENODETIC (ABSOLUTE) ELEVATION

An orbiter would seem to be a logical way to determine absolute or seleno-
detic elevation because absolute elevation is referenced to the center of mass
and the orbiter rotates about the center of mass. Altitude of the orbiter with
respect to the Rover can be obtained by a method described below. The difficult

problem is to obtain the radius of the orbit and to correct for orbital anomalies.

RF Tracking of Orbiter from Rover

The method described here tracks the orbiter from the location where
the absolute elevation is desired. Tracking can be accomplished either with a
doppler radar or with a laser. Of the two methods, the radar is easier to
implement because a wide-beam antenna can be used, obviating the need to servo
the antenna. Laser beams are so narrow that directional control of the beam
would be necessary in this application.

A version of the doppler method is briefly outlined below, with cal-
culations. In this method, a constant frequency is transmitted from the Rover
via a two-element array (e.g., double turnstile). The orbiter receives the
signal as a variable frequency because of the doppler shift due to orbiter

velocity change with respect to the transmitter.

Let v = satellite velocity
h = satellite altitude above the Rover
fo = transmitted frequency
- f = received frequency
¢ = velocity of light.
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For simplicity, it is assumed the satellite passes directly over the Rover, but

the same principles apply if it does not.

Then,

~ - ~ {4 v P ’\\
L = L L + == COSs U’
o \ c

df _ v 3
rrlie fo c sin 6 0

0 = % when satellite is directly above Rover

f v2

a f Y gsing <= g
dt oc n cn

This is the maximum apparent acceleration of

SATELLITE

1GHz
CARRIER

1GHz + AHz

CARRIER

ROVER

the orbiter.

| SATELLITE
\'
h
(S,
~ ROVER

For a 1 Ghz carrier and a 30 Km orbit, the maximum apparent acceleration or rate

of change of two-way doppler shift is 460 Hz,/sec. See Appendix D for link

calculations. 1In Appendix D it is seen that if two seconds of sampling time at

50 samples per second, at an altitude of 30,000 meters, the 100 data point

accuracy is 3150:1 or a range accuracy of 30,000/3160 == 10 meters.

The effect of ground clutter has not been considered.

It should b=

small for this type of antenna because of the low elevation angle of any local

hills with respect to the Rover, and because of the poor reflectivity of the

dry soil.
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Sampling time probably could be made longer, thus improving accuracy.
However, other factors such as oscillator phase jitter, degradation due to moon-
to-earth transmission etc. have been ignored.

The above assumes orbiter velocity is known; however, it is not. There
remains an orbit determination problem.

Additional information resides in the doppler data when that data are
obtained throughout a large range of the elevation angle Y, say + 45°. Thousands
of samples can be obtained during a single pass from which a very smooth curve
of v vs time can be drawn. One way to use this data to assist in the orbit

D

determination problem is now outlined.

CENTER OF MOON

Referring to the diagram, the doppler velocity v_ is

D
1) vp = Vv cos a cos B
dvD . .
2) -V (sin @ cos 8 A + cos & sin 6 9)
GD . .
3) — = -(a tan a + 6 tan 8)
YD

The small angle & is known in terms of R, h and 6 from the triangle

ABC, i.e., from law of sines.

sin vy = R + & °°8 8
4) -
Y = 3 -(x+8)
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v._ is a measured function of time

GD is known from the slope of the smooth vy = fl(t) curved

@ is known from the orbit period.

Then

<
[}

5) el fz(t) is obtained.

o

Next, !
"D
6) 0 = f3 (;—) is found from (3) and (4).
D

From (5) and (6) the relation
7) 8 = fa(t) can be computed.
From (7) and vy = f(t), we have

8) v, = £(9).

Then from (1) and (8) an average or smoothes value of v is available.
Finally, knowing orbit period P very accurately, the radius of the orbit is
obtained,

- Py
o 2n

The selenodetic elevation is Ro - h.

Corrections to Ro must be made for gravitational anomalies and tri-
axiality of the moon. An error analysis of the above procedure is necessary.
A velocity accuracy in the neighborhood of 0.02 ft/sec is required to reduce
the absolute altitude error to 10 meters.

Presumably additional information could be obtained by tracking the

orbiter from earth. For example, Rover position and altitude could be derived
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by differencing range and velocity between earth-orbiter, earth-Rover and Rover-
orbiter. 1In this manner, small local velocity changes in the vicinity of the
Rover would be detected.

Other ways to obtain either orbital velocity or radius were briefly
investigated but none were satisfactory. For example, the value of gravity at
the orbit radius can be related to velocity, radius and the lunar gravitational
parameter. Then by measuring gravity gradient‘on the orbiter, the radius can
be obtained. But the accuracy of 1:20,000 with which gravity gradient can be
measured in the orbiter leaves an uncertainty in orbit radius of 70 meters.

Another unsuccessful attempt was to time the travel of the orbiter
through some angle as observed from the Rover or the Landing Module. To achieve
the required accuracy in velocity, tracking qf the orbiter must be accomplished
with a precision of 14 522. through a 90° angle. The 90° traverse must be timed
to within an error of + 4 x 107> parts or 0.14 milliseconds. The accuracies are
derived as follows:

v of orbiter = 1650 m/sec.

distance travelled through 90° is d ~ 60,000 meters

average velocity error permitted is Av = 0.02 ft/sec.

Then distance error allowed is

_ _ 60,000 02
Ad = t Av = 1650 * 3.0% .24 meters
Allowable time error is

_4Ad _ 0.24 _ -4 . -5
At = 5 = 1650 - 1.45 x 10 ~ sec. or one part in 4 x 10 ~.

The allowable angular error is

_ Ad 24 -5
A8 = - s 36,000 - 6.7 x 10 rad
avg
= 14 sec.
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Other Methods

Three other methods for establishing absolute elevation are:

1. RF and doppler tracking of an antenna on the moon. A version of
this is laser tracking of corner cube reflectors placed on the moon, perhaps
by the Rover. This subject can more appropriately be treated by JPL because
of their experience in long-range tracking, data smoothing and data interpre-
tation. The authors of References 15-18 should be contacted for information
on precision, tracking time, etc.

2. Differential Ranging (Ref. 21). The Abstract of this Reference
is as follows:

"A method of navigating at lunar distances is developed which
depends on differential ranging to two lunar stations from a
triplet of MSFN stations on earth. The method can easily be
applied to the case of navigating a lunar roving vehicle or
flying unit relative to its parent spacecraft. In conjunction
with on~board CSM navigation using landmarks, the method could
also be used to navigate an LM to high gate allowing the major
errors to be removed while the engine is operating efficiently."

3. Use of a very long base interferometer (VLBI). If an angular
accuracy of 0.005 §ec. is assumed for this device, the accuracy at lunar
distance would be + 11 meters. At the suggestion of JPL, this subject was not

pursued.

In Table II it is assumed: (a) the Rover has a normal or basic comple-
ment of instruments consisting of a TV camera, an odometer, an inclinometer and
some kind of heading reference; (b) position and heading are known; and (c) when

the TV camera is used, it is referenced to the inclinometer.
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Small relative numbers mean the item is most favorable; e.g., 1 means
precision accuracy or least cost. 1In the accuracy column, 4 means perhaps
50 meters, 1 means 5 meters.

Performance sensitivity is a measure of probable degradation resulit-
ing from environmental and operational effects. It is related to reliability.

Additional auxiliary hardware refers to the necessity for extra hard-
ware in the lunar environment such as an orbiter or special ranging site.

Three star sensors imply need for a gyro or TV star picture for

heading reference to assist in star location.
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ADVANTAGES

DISADVANTAGES

TV Camera 1) Simple, Reliable, operationally | 1) Poor accuracy
Inclinometer easy
Odometer 2) No extra cost or extra onboard
equipment
3) Can use for horizontal naviga=
tion
4) Info immediately available
TV Camera 1) Very accurate, reliable, opera-| 1) Costly
Laser tionally easy
Precision 2) Info immediately available
Inclinometer 3) Can use for horizontal naviga-~
tion
Stable Platform 1) Complete navigation system, 1) Complex, unreliable for
even in case of obstacle avoid- one year operation in
ance maneuvers Lunar environment
2) Can replace vehicle odometer 2) Poor accuracy for eleva-
heading ref. instrument and tion measurement unless
inclinometer frequent time consuming
fixes
3 Star Seekers or Star 1) A basic, very accurate hori- 1) Time to locate 3 stars or
Field Comparator zontal navigation system to match star fields
2) Fairly complicated, deli-
cate instruments
3) Poor elevation determina-
tion accuracy
Star Seeker Sun Sensor 1) A very accurate horizontal 1) Not applicable for sun
Longitude Latitude navigation method altitudes exceeding 70
2) Fairly easy operationally 2) Poor elevation determina-
tion accuracy
Gyrocompass None with presently existing Not '"state of the art" to
Foucault Pendulum equipment yield acceptable accuracies|
RF Tracking 1) Very accurate for 3 dimensional | 1) Tracking time too long for
fix relative elevation deter-
2) No extra onboard equipment mination or for horizontal
3) Small extra cost navigation
4) Absolute altitude available
Differential Ranging 1) Probably could be as accurate 1) Tracking time too long
as the RF tracking method 2) Extra ranging station on
moon
VLBI 1) No extra onvoard equipment 1) Does it exist?
Orbiter (a) RF Tracking 1) Absolute altitude available 1) Cost
2) Very accurate position & ele- 2) Extra equipment (the orbi-
vation from determination ter)
(b) Laser Tracking| 1) Orbiters can also be used for 1) Cost
mapping, gravity gradiometry, 2) Laser tracking problem
photos 3) Extra equipment (the orbi-

ter)

TABLE III.

COMPARISON OF ELEVATION DETERMINATION METHODS
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GENERAL CONCLUS IONS

The following partially subjective comments result from the study:

1. The basic Rover instruments probably can be made adequate for
most of the shorter trips. Cost and reliability are the attractive features
here.

2. A TV camera with a ranging (and picture marking) laser with an
0.1° or better inclinometer is quite sufficient instrumentation for precision
relative élevation determination. The matter of laser cost is the important
factor, however.

3. Gyrocompassing of any form should not be given further considera-
tion unless a new type of instrument becomes available.

4. Stable platforms and vertical or directional gyros should be
avoided if possible because of reliability and thermal control problems.
Platforms also present operational problems.

5. Orientation of landmarks in landmark navigation should be chosen
to lie within + 60° of the Rover path. Preferably they should be at an initial
range exceeding the step length.

6. Tables 1 and 2 should be of assistance in choosing between the

various instrumentation arrangements.




RECOMMENDATIONS

1. Before comparisons can be made between navigation and guidance
schemes, block diagrams of two or three of the most promising should be drawn.
These should be in sufficient detail to count components such as amplifiers
and multipliers, and to determine degree of redundancy, instrument specifi-
cations, etc. The systems should be compared from points of view such as
reliability, availability of instruments, operational problems, data rates
and procedure for initial alignment.

2. Certain particular instrumentation problems need to be consid-
ered in the next phase. Some of these are:

a) Availability of inclinometers in the 20-60 §ZZ. range,
with proper behavior on a rough ride.

b) Accuracy and feasibility of using various types of odo-
meters, particularly the microwave doppler type.

¢) How to mount the TV camera, i.e., make it pendulous? It
may need three servos.

d) What kind of a sun seeker arrangement should be used to
provide at least a 30° x 30° f.0.v.?

3. Look into the low latitude attitude reference problem where
neither sun nor earth sensors can be used. Are operations necessary at noon
time? Is the degradation caused by use of TV star pictures in combination
with a directional gyro acceptable?

4. Look into particular and multiple uses for lasers.

a) A design layout and optical analysis should be made of the

laser-inclinometer-TV camera arrangement on the Rover that was suggested in
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Appendix A. The purpose would be to establish feasibility of that suggestion.
b) Determine feasibility of laser uses for such functions as
night driving, obstacle detection, etc.

5. Finish the landmark navigation study initiated at Hughes. This
is basically an error analysis involving extension of the study to include:

a) Several landmarks and several observations of each in
relation to their distribution with respect to the vehicle track.

b) The effect of course deviations.

c¢) Landmark distribution probabilities.

6. The following miscellaneous navigation and guidance problems

should be investigated:
a) Navigation through and in a crater.
b) Navigation in the presence of many large rocks.
c) Navigation in very broken and hilly areas.

7. The matter of thermal control should be given consideration in
selection of LRV navigation systems. This could be a decisive factor in choice
of certain instruments. For example; a 90° turn of the Rover can move a piece
of equipment from shade to direct sunlight. Also, most types of gyros would

need some heat during the lunar night, which would cause battery drain.
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APPENDIX A |

LASERS

Potential uses of lasers for lunar explorations are sufficiently numerous
to warrent separate comment. Suggested laser applications are: (l) in an orbiter
to obtain instantaneous altitude for purposes of mapping the lunar surface (2) in
an orbiter to map gravity gradient (3) on a Réver to range to a reflector on an
orbiter to obtain Rover position and altitude information and as a direct navi-
gation aid (the orbiter would be there for other purposes in this case) (4) on

the Rover for accurate landmark navigation and altitude determination (5) on the

Rover for terrain mapping with a scanning laser (6) on the Rover for other pos-
sible miscellaneous purposes such as obstacle detection, night driving inter-
mittent illumination, vaporization of lunar material for spectral analysis, and
holographic applications.
The following description of a laser for lunar use is from a recent Hughes

proposal to NASA (Reference 20).

"The laser altimeter will be used to measure the distance from

an Apollo spacecraft in lunar orbit to the moon's surface.

The altimeter will be primarily in support of a metric camera

experiment in which it will measure the range to an identified

point on the metric camera scanning laser photograph. The

altimeter data will also be used to determine broad varia-

tions in the moon's topograph&.

"The laser altimeter will determine range between the Service

Module Instrument Carrier (SMIC), where the altimeter will be

located, and the lunar surface by measuring the time required

for a pulse of light energy to travel to the lunar surface

and return. An electro-optically Q-switched Nd:YAG laser
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will be used to generate a 100 millijoule, 10 nanosecond
pulse of 1.06 micron radiation. A solid state detector
of the germanium avalanche type will be used to detect
the return pulse.
"The altimeter range measurement will be synchronized to
operate in conjunction with the Metric Camera shutter.
A retro-reflective prism assembly will be used to send
altimeter boresight information to the Metric Camera.
This boresight informatjion will indicate the altimeter
optical axis to within 100 microradians (20 £ZE.).
"The altimeter operation will be controlled by electrical
signals from the Apollo command module. 1In addition to
triggering in synchronization with the Metric Camera
shutter, an automatic mode is available in which the
altimeter ranging sequence is triggered automatically
every 10 seconds.
"A mechanical shutter activated by a separate photodiode
circuit in the altimeter protects the sensitive germanium
avalanche detector from direct radiation from the sun."
The specifications of Table A«.1 are typical of the present state of the art.
The weight and power requirements are rather high for a lunar rover, but a rover
does not need a 150 Km range with an accuracy of 1:105. If range were reduced
by a factor of 5 or 10 and accuracy resoiution by an order of magnitude, weigzht
and power could be reduced by a factor of 2 or more.
Figure A<l is a block diagram of the lunar laser altimeter (Reference 20).
For precision navigation and altitude determination, the following arrange-

ment should be considered. Mount the TV camera, laser, and inclinometer integrally
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at the base of the mast. This method of mounting improves maintenance of align-
ment between the camera and laser optical axes in addition to alignment between
the laser optical axis and the inclinometer reference. A gimballed mirror high
up on the mast serves to reflect the scene into the camera. The precise place
to which range is measured by a laser pulse can simultaneously be marked on the
TV picture by a method such as that employed ip the above described laser
altimeter to mark the metric camera photo.

Comparative calculations of range, power, and receiver diameter can be

made from Equation (A-1).

k E PD2

T
B, = T 7

R

where

Er = energy received
ET = energy transmitted (~ power)
e = reflectivity
D = receiver optics diameter
R = range.
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TABLE A-1. SUMMARY OF LASER LUNAR ORBITER ALTIMETER SPECIFICATIONS

PERFORMANCE

Laser wavelergth

Pulse energy

Pulse duration

Pulse repetition rate, maximum

Pulse synchronization
(CAMERA mode)

Transmitter beam divergence

Receiver field of view

Range resolution

Range accuracy

Operating range against lunar
surface (for signal probability

of 0,99, false alarm rate of
0. 01)

Required power to operate

Flashlamp life

1. 06 microns

100 militjouwics 1ozinal output
10 nanosczonds nmi Sl

Once very 8 =econds

Within 3 millisecond: of metric ;
icamera shutter signal ‘

80 pcrcent of energy within 0.2 milli-

radian cone
0. 2 milliradian cone
2 meters

90 percent of rangings within
2 meters

40 to 80 nautical miles

30 watts design goal, 50 watts
maximum, at 27.5 volts DC

250, 000 flashes for 10 percent
decrease in laser output nominal

PHYSICAL

Total weight *

50 pounds design goal, 75 pounds
maximum

Dimensions Wedge shaped package,
16 in. x 24 in, on output face
' 10 in. x 24 in, on rear face
12 in. maximum depth
ENVIRONMENTAL

Temperature, operating
Temperature, storage
Shock

Vibration

-40°F to +180°F
-50°F to +200°F
Per specifications

Per specifications

* See Text
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Figure A-1. Simplified Block Diagram of Laser Altimeter

- 48 -

1




APPENDIX B

ERROR PROPAGATION

Each elevation measurement will have an error. The mean value of the errors

will bé zero unless a bias occurs in one of the measuring instruments. However,

the elevation uncertainty will increase with each measurement, as shown below.
Assume an idealized situation wherein at each stop an observable is avail-

able at the same range as the one used for elevation measurement at the previous

stop. Assume two measurements are made, one at each of two ranges, of each

observable, as shown in the diagram. Assume that range can be measured exactly

LANDMARK NO. 1

BENCHMARK
ELEVATION

and that each angular measurement Gi has an error M which is Gaussian with mean

zero and variange ce.
. . .th *
Let r, be the range from the i-1 point to the i landmark, and let r, be

the range from the ith point to the ith landmark. Let the initial point, A,

have elevation z = 0. Then the altitude of the first landmark, hl’ is

h1
;I = 51n(9l + 1) ~ sin 91
Differentiating,
Ahl
—= = T cos @
T 1
2 .2
Ah1 = 1 7 cos 91 = rl-h1 n




E(Ahl) =0
2
E(Ahl) Sy
At nn{nfm
point (1)
*
sin (8 +1) =

2
_ 2 2 2 2 2
= ( l-h1 ) Og = (r1 cos 91) 9
hl-z . %
7 ~y Sin 91
1

Since h is approximately known from the first measurement,

T z
) * 1 X 1
sin 91 = — sin e - s
] 5
a— Ld 9 * Iy 9*
2, = r, sin 8, - r, sin 1

Differentiating to obtain the uncertainties at point(:>

. _ Ahl-Az1
necos 6, = ———
1

Az, = Ah, - £) or

z, = 4h, -1, ncos 6
E(Azl) =0

122 = 0.2 i cos 6% o2 - 692 4 (2 cos 052 | o2
E( zl) = ahl +(r1 cos 1) Oy = (rl cos 1) + (r1 cos 1) %

1

krl cos 91)2

Now from point@

altitude h2

>

*
z_. then has the mean value r, sin 6, - r

*
1 1 , sin 91 and the variance

2

* * 2
+ (rl cos 91) ]Ug

a second landmark is selected at range Tys elevation angle 92,

hy

BENCHMARK

ELEVATION
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Now

sin (9, + M) =

=2
]
a]

11
-~
f=p

T cos O, =

Ah2 =

r, T cos 92 + Az1
E(Ahz) =0

2

2 2 2 * * 2
E(Ahz) = [(r2 cos 92) + (r1 cos 91) + (r1 cos 91) ]Ob

move to point@ and sight again on landmark 2.

h -z
. * _ 2 , *
sin (92 +n) = ™ A~ sin 92
r
2
- * g*
z, = h, r, sin 8,
z, = in 0, + in @ -z sin 8 - r. sin 0.
, = T, sin 8, r, sin 8, r, sin 6, - r, sin 6,
- Ah2 A22
nc0592=—*--—;
) )
A22 = Ah2 - r, M cos 92
E(Az,) = 0

2 2 * 2 2
E(Azz) = chz + (r2 cos 92) %

2 2 * *
= [(rl cos 91) +(r2 cos 92) + (r1 cos 91)

Similarly, z, has the mean value

-z in®, - sin@
E(zn) = Z (ri sin 8, - r, sin i)
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and variance

: =z cos O )2 + ( * co 9*)2 02
E [zn-E(zn) ] = - [(ri os 8, r, cos 8, ] 8

al. r.
For example, let cos € =1, r, = 7? in all measurements and all r, equal; then

S, =%, V1.5 1

Z

Let the error in each measurement be 3 meters on a range of 3 km, The distance
that can be travelled before the uncertainty (variance) in altitude as referenced
to the starting (benchmark) altitude reaches 20 meters is 3n kilometers where n

is given by

3J1.5n = 20

30 and distance travelled is

3
[}

(=9
[

30 x 3 = 90 Km.

The graphs of Figures II-1 to 3 show error growth versus the number of
vehicle stops. The calculations are based on the assumption that two elevation
angle readings on each landmark are taken at different ranges from it, the distance

to each new landmark remaining constant. Distance between stops also is constant

for any one curve and is measured to an accuracy of 0.1%. The major contributor
to error accumulation for all the curves occurs in the first term of Eq. (1) P.2.
It is seen that useful altitude measurements require an elevation accuracy of
better than one-half degree.

The general case of n successive sightings on n landmarks at miscellaneous
ranges is a statistical problem beyond the scope of the present effort. Comment
can be made on successive sightings on a single landmark. It is that elevation

accuracy with respect to a benchmark will not improve with repeated measurements




taken at decreasing distances. This can be seen from the diagram below.

A sighting on landmark B from reference altitude A will have an error Ah. The
error in an altitude measurement of B with respect to C, taken at C, will be
less than Ah because the range is less. But the altitude uncertainty of C
with respect to A will be greater than Ah because of the error in making the

measurement at C.
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APPENDIX C

GRAVITY GRADIOMETER CHARACTERISTICS

The very complete summary of gravity gradiometer characteristics shown
below, although not directly pertinent to the elevation determination problem,
is included for possible scientific interest. The Tables were obtained from

Reference 12 and are self-explanatory.
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APPENDIX D

DATA LINK CALCULATIONS

To obtain an estimate of the accuracy with which h can be measured, the

following link calculations are needed. Assume:

Prime power = 20 watts

Transmitter power = 10 watts

Antenna gain (both ends) = 3 db (assuming the 2-element array)
Frequency = 1 Ghz

Distance = 100 n.mi. (assumed maximum tracking range)

The path loss between omniantennas is

L

38.1 + 20 log £ + 20 log D

38.1 + 60 + 40 = -138 db

Transmitter power = 10 dbw

Antenna gain = 3 db

ERP = 13 dbw

Received power at satellite antenna = -138 + 13 = -125 dbw

Satellite antenna gain = 3 db

Received power at satellite = -122 dbw.

To compute noise, assume a 50 Hz phase lock loop bandwidth. Then,

Noise = KTB where
K = Boltzman constant = -228.6 dbw
T = receiver effective temperature = 1000°k = 30 db
B = bandwidth = 50 Hz = 17 db
Noise = -181.6 dbw
Cafrier power = =122.1 dbw
59.5 db = S/N in satellite.
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If 3 db degradation is assumed for down transmission and a 6.5 db margin,
the final S/N at the Rover is 50 db. The receiver frequency as a function of

time will have a curve of the form shown, where the slope through the origin

equals _“\;:§§\J

£ v2 TIME
0
Ch | ’\-

The single sample accuracy of a 50 db S/N at the point of maximum slope is

FREQ

50 db ~ 100,000:1 in power or 316:1 in amplitude.
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